nhude and rate of seasonal temperature change varies with the size and location of a river in temperate regions (Thibault 1971; Smith 1972) . Climatic changes (altitude and/or latitude) also affect the pattern of river temperatures. Although civer insects have evolved under the constraints of a thermally fluctuating system, they show little ability to compensate or acclimate to environmental temperatures (Sayle 1928; Pattee 1955; Lawton 1971; Stockner 1971; Keister and Buck 1974; Sweeney and Schnack 1977; Sweeney 1978) .
OUf purpose here is to focus on the ecophysiological response of aquatic insects to the thermal variation of rivers. We intend to (i) synthesize new and published data into a conceptual model describing the ecological aspects of thermal variation, (ii) develop a working hypothesis to describe the energetics and developmental dynamics involved in regulating the geographic distribution of aquatic insects, (iii) provide a new perspective for establishing guideline criteria for river management, and (iv) outline the possible role of long-term climatic trends to the development and evolution of river insect communities.
THERMAL HETEROGENEITY OF RIVER SYSTEMS
River discharge during periods of no surface runoff is maintained largely by groundwater accrual along headwater channels. Thermal regimes of headwater tributaries are dominated by the temperature of groundwater outHow. In the continental United States groundwater is generally within 1° C of mean annual air_ temperature of a region, varies little seasonally, and exhibits a well-defined latitudinal gradient (e.g., ranging from 25° C in southern Florida to 3 0 C in Maine; fig. 1 ). Thermal variation both within and between drainage systems reflects alteration of regional groundwater temperature by the interaction of climate, channel geometry, riparian vegetation, and other watershed characteristics.
River drainage systems consist of a network of channels differing in thermal regime and order (size). Order refers to Strahler's (1957) modification of Horton's (1945) stream classification system: headwater streams having no tributaries are designated first order; two first-order streams join to form a second order; two second orders form a third, etc. The order of a tributary does not change upon confluence with a stream of a lower order than itself. Among White Clay Creek tributaries, for example, the total degree days (>0 0 C) accumulated annually remains relatively constant (ca. 4,270) , but the seasonal variance in the thermal regime increases with river order ( fig. 2 ). Diel variation also increases with order up to intermediate·sized (orders 4~5) rivers, but a decrease occurs in larger tributaries due to the combined effect of the large volume and high specific heat of water ( fig. 3 ). For a given altitude, the relationship between river order and thermal regime changes with latitude ( fig. 4 ). Thus, a fourth-order river at 39° N latitude may be similar thermally to a fifth-order tributary at 50" N or a secondorder one at 30" N.
Although natural river systems are characterized by the~al Huctuations, the spatial and temporal pattern of temperature change appears highly structured and reasonably predictable. Figure Sa and 5h show that the total annual heat accumulation for a river of specific size and altitude is also predictable given its latitudinal coordinate. More importantly, the relationship between annual degree days and latitude does not change significantly with longitude (e.g., regression lines for Atlantic and central United States were not significantly different; analysis of covariance, p > .05).
Because temperature greatly affects many population parameters of aquatic insects (e.g., egg and larval diapause, embryonic development, larval growth and metabolism, etc.), perhaps the most important aspect of a river's thermal regime is its temporal predictability. We used Colwell's (1974) algorithm to analyze a continuous lO-yr temperature record on White Clay Creek for elements of predictability both within seasons and over the entire water year. Predictability (P) was further partitioned into two components: constancy (C, temporal uniformity) and contingency (M, temporal variability but in an ordered sequence). The analysis indicated both annual and seasonal predictability for the lO-yr record (table 1).
Our P values were statistically significant (p < .001) from zero (no predictability) using the G statistic outlined by Colwell (1974) . Component analysis revealed that summer and winter temperatures were predictable due to high constancy. In contrast, high predictability during seasons of rapid temperature change (e.g., spring and fall) was attributed to high levels of contingency.
To evaluate the relative power of our computed values, we created a theoretical 10-yr temperature record displaying an annual amplitude identical to White Clay Creek (i.e., 0°_20° C) but with reduced (and perhaps unrealistic) variance (e.g., the to-yr record for any given date varied only ± 1° C). This data set yielded a P value of .66, which is about 20% higher than P values obtained for White Clay Creek. These results suggest that White Clay temperatures in 8 out of 10 yr would be very similar for a given date. The pattern and variance of annual stream 
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-a, Total annual degree-day (>0 0 C) accumulation as a function of latitude for various rivers of the eastern United States. Base flow discharge of selected rivers was between 1.2 and 4.6 rn l g-'. 1, Satilla River, Ga.; 2, Conecuh River, Ala.; 3, Coosawhatchee River, S.C.; 4, Falling Creek, Ga.; 5, A1covy River, Ga.; 6, Black River, S.C.; 7, Coosa River, Ala.; 8, Enoree River, S.C.; 9, Bear Creek, Ala.; 10, Conawuga River, Ga.; 11, Flint Creek, Ala.; 12, Sugar River, N.C.; 13, Second Broad River, N 
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*See Colwell's (1974) algorithm. Predictability (P) has two separable components, constancy (el and contingency (M) . Maximum predictability (e.g., P '" 1.0) couLd resuLt from complete constancy (e.g., C = 1.0), complete contingency (e.g., M = 1.0). or a combination of constancy and contingency (e.g., C = .75, M = .25). In this analysis, complete constancy would imply the thermal regime was the same for each season. In the case of complete contingency, thermal regime varies from season to season, but the pattern is the same for all years.
tTen-yr continuous record of daily average temperature for a third-order tributary. tTheoreticallO-yr record; temperatures vary seasonally but the range of temperatures on any given date is limited to ± 1° C (e.g., the IO-yrfrequency record fOf May 15 was 2, 6, 2 for 14°, IS", and 16° C, respectiveLy).
temperatures apparently lowers the maximum attainable P value. For example, we observed experimentally that even an ideal lOO-yr data set with low variance (e.g., only ± 1 0 C for any date) produces a P value of only about .85. The above analysis suggests that natural stream systems exhibit a pattem of "predictable variability" with respect to temperature. We view thermal heterogeneity and its predictable quality as an important ecosystem attribute leading to the development and maintenance of a highly structured community of aquatic poikilotherms (see discussion below).
THERMAL EQUILIBRIUM HYPOTHESIS
Our main hypothesis is that the stability (ability of a subpopulation to recover from serious reductions in numbers by environmental perturbations or fluctuations) of a subpopulation within the geographic range of many lotic species mainly reflects a dynamic equilibrium between temperature and individual growth, metabolism, reproductive potential, and generation time ( fig. 6) . A thermal regime is viewed as optimum when an individual's body weight and fecundity is maximized (e.g., fig. 6 , pathway b). We hypothesize that an equilibrium location, the geographic region where individual weight and fecundity is maximized, coincides closely with the location of greatest subpopulation biomass. Geographic range extension away from an optimum area (e.g., fig. 1 , pathway a or c) is associated with temperature-induced changes in the rate and efficiency of energy use, developmental processes, and generation time.
According to our hypothesis, subpopulations in nonoptimum habitats are characterized by low population density and small individuals with reduced
Fro. 6.-A thermal equilibrium modeL, based on experimental data for White Clay Creek, indicating the population interactions between bioenergetic (growth and metabolic rate) and developmental (fecundity and generation time) parameters for insects reared in optimum and nonoptimum thermal regimes. The individual components of the model are described at the periphery of each quadrat (e.g., the inverse relationship between weight-specific respiration and Larval size; quadrat 11.) Pathway b (an optimum thermal regime) shows that mall:imum larllal size is associated with an intennediate generation time, low weight-specific respiration, and high adult fecundity. Larval size and adult fecundity are intermediate in cold, nonoptimal regimes (pathway c). Generation time is shortest in warm regimes (pathway a), but high respiration cost and accelerated development of adult tissues (wing pads, reproductive system) resuLts in small larvae and reduced adult fecundity. 673 fecundity. The ability of these subpopulations to control and/or exploit ecosystem resources is reduced by both the small size and lower density with respect to the total community. The competitive position of these species in the community hierarchy is lowered and the probability of competitive extinction due to en vironmental fluctuations (natural or induced) is increased. The local extinction of a sUbpopulation theoretically occurs when individual fecundity approaches zero. A species in nature is probably eliminated wherever recruitment falls below the critical threshold needed to maintain the competitiveness of the subpopulation.
This hypothesis has been synthesized from bioenergetic and developmental studies of insect communities in White Clay Creek, Chester County, Pennsylvania. These data were obtained under an array of natural and experimental temperature regimes and are used here to develop the "thermal equilibrium" concept. Methods and materials for data collection are outlined in detail elsewhere (Sweeney 19700, 1978; Sweeney and Schnack 1977; Vannote 1978) . A brief report describing certain aspects of the above hypothesis has been published elsewhere (Sweeney and Vannote 1978) . (Larvae of "winter-spring" species hatch from eggs in late summer or early fall but grow mainly during winter and spring.) The large range of body sizes observed at any date during larval growth of this mayfly is due probably to a nonsynchronous egg hatch as well as differential growth rates among and within the sexes. Adult metamorphosis within the subpopulation is reasonably synchronous, with the largest nymphs of each sex emerging first. Average size of adult males and females decreases progressively throughout the emergence period. All larvae are exposed to a wide range of temperatures during growth and development. The synchronous emergence suggests that adult tissue maturation is initiated almost simultaneously in all larvae (size independent) when vernal temperatures first begin exceeding a critical threshold. This would partially explain the synchrony of adult metamorphosis as well as the progressive decrease in adult weight during the emergence period.
Adult body size and fecundity are also affected indirectly by changes in the proportion of assimilated energy needed for maintenance metabolism. If maintenance costs increase with temperature at a rate disproportionate to overall assimilation (Sweeney and Schnack 1977; Sweeney 1978) , then the growth potential of larvae may be reduced at high temperatures due to insufficient energy. Weight specific respiration of Ephemerella subvaria is highly dependent on temperature ( fig. 8 ). Metabolic rates for most larvae remain within a well-defined "activity range" (e.g., between 0.6 and 1.9 JLI O 2 mg~l h~l) despite increasing temperatures during the winteNpring growth period. This quasiequilibrium for metabolism results from (i) an inverse relationship between weight-specific respiration and body size, (ii) a positive effect of increased temperatures on respiration, and (iii) substantial growth during the period of rising vernal temperatures (Vannote 1978) . Figure 9 shows how the growth of an individual theoretically tends to compensate for the stimulatory effect of increased temperatures on respiration rate. This compensatory mechanism may have arisen through selection for individual larvae whose growth rates are adjusted to predictable thermal patterns. The critical growth increment needed to remain within the "activity range" is relatively greater for small versus large larvae. The potential for a small individual to increase SUbstantially in size during rising vernal temperatures is reduced because a greater portion of assimilated energy is required for maintenance (Vannote 1978) . Thus, smallEphemerella subvaria larvae in early February emerge as small adults in April. The above discussion emphasizes the outcome of "natural field experiments" where various individual larvae of a given cohort are out of phase temporally and exposed to different thermal regimes during growth. Laboratory experiments on other aquatic species (Le., lsonychia bicolor (Walker), Ameletus ludens Needham and Ep/temerella dorothea Needham) confirms the observation that "trailing larvae" of winter-spring species (the last larvae of a cohort to hatch and begin growth) experience warmer temperatures during larval growth, metamorphose at or near the end of the emergence period, and produce the smallest adults of the generation (Sweeney 1976b (Sweeney , 1978 Vannote 1978) . These data. suggest that adult body size is inversely related to ambient stream temperatures during larval growth. This observation is critical to understanding size variation and the distribution of aquatic insects, because river temperatures vary both temporally and spatially.
[n White Clay Creek, headwater streams are cooler in the spring and summer but warmer in the winter relative to larger downstream tributaries. SUbpopulations of the mayfly Ephemerella dorothea emerging from a cool and a warm tributary of White Clay Creek exhibit marked differences in adult size ( fig. to) . Note that adults emerging late in the cool stream are small and approach the maximum size of adults from the warm stream. We suggest that this results because individuals emerging late in the cool stream experience a thermal regime similar to individuals emerging early in the warm stream. Reduced adult size in warm tributaries has important ecological implications because the relationship between egg production and female dry weight appears linear for EphemerelLa dorothea as well as for most other aquatic insect species ( fig. II) . Thus, any factor reducing size affects recruitment and the competitive ability of the subpopulation.
Our studies of Ephemerella subvaria, Ephemerella dorothea, and many other species suggest that rapid shifts in energy use occur in response to thermal variation (Le., seasonal changes in temperature within a tributary andlor spatial ,. changes within a drainage system). Because adult body size and fecundity are inversely related to temperature for individuals within a single cohort, one expects a priori that incrementing ambient winter temperatures would result in early emergence and diminished adult size and fecundity for most "winter-spring" species.
The effect of increased winter temperatures on emergence date and adult size was evaluated for Ephemerella subvaria. Larvae of this species were collected in midwinter (stream temperature range 0°_5°C), sorted by size, and kept in sm~l1 t Maximum, minimum, and average temperature for the entire experiment were 14.5, 2.1, 4.5 0 C, respectively. microcosm streams at various experimental temperatures under a natural photoperiod. Fine particulate detritus and periphyton scraped from rocks collected from the natural stream were added to each microcosm stream weekly to assure comparable nutrition for experimental animals. Four size categories of Ephemerella subvaria were placed in each of three thermal regimens: 9.5 ± IOC, l5±l c C, and ambient stream temperature. By increasing winter temperatures to l5°C, adults emerged 6 wk earlier and at a smaller size (6%-44%) relative to adults reared at ambient stream temperatures (table 2). At 9.5"C adult emergence was slightly earlier (2-10 days) and adult size was reduced (22%-46%) relative to the results of ambient temperatures. Adult metamorphosis was synchronous within a specific thermal regime even though larvae varied greatly in size at the beginning and end of the experiment. Results for Epltemerella sub varia suggest that high (>9°C) temperatures (i) initiate the development of adult tissue in both small and large larvae at about the same time (although a lower size threshold undoubtedly exists), (ii) reduce the overall growth potential of an individual larva, and (iii) accelerate the rate of adult tissue maturation, leading to early emergence at reduced size.
The above results suggest that a large size difference should occur between winter and summer cohorts of polyvoltine species. We have observed, for example, a 50% or greater reduction in size for summer cohort females of I. bicolor, Baetis tricaudatus Dodds, Centroptilum mjostrigatum McDunnough, Cltimarra aterrima Hagen, Glossosoma nigrior Banks, Dolophilodes distinctus (Walker), and Rlteotanytarsus exinguus (Johannsen) relative to nonsummer cohorts in White Clay Creek. Fecundity of summer cohort adults is also lower relative to other seasons for most polyvoltine species (e.g., fig. 12 for I. hieolor). Intercohort size variation has been reported for other aquatic species (Macan 1957; Elliott 1967; Benech 1972; Fahy 1973) . Seasonal changes in quality and quantity of food are probably not the critical factors causing the observed size variation of insects in White Clay Creek.
Gross primary production in White Clay Creek averages 4.5 g m-2 day-I, and In a fourth-order subbasin (ca. 800 hectares) of White Clay Creek, at least 49 species of Ephemeroptera (mayflies) have been C<lllected over the past IO yr (R. L. Vannote, unpublished data). The approximate date of first emergence and average maximum female size for 25 species are reported in fig. 13 . The remaining 24 species are still under study. None of the remaining species, however, emerge before June I or at a size exceeding 3 mg. These data show that (i) adult size decreases during the spring-summer period for both congeneric species and conspecific cohorts, and (ii) during the summer, the adults of only three species (Ephemera varia Eaton, Hexagenia atroeaudata McDunnough, and I. bieolor) exceed 3-4 mg dry weight. Because at least 20-25 mayfly species emerge during the summer, the predominance of small, polyvoltine species is striking. Many of the large species, whose adults emerge from the creek in April-May-June, emerge in June-July-August from streams at more northern latitudes. We suggest, therefore, that the rate and magnitude of warming in White Clay Creek has either (i) caused large species to emerge by late spring, or (ii) eliminated species that lack an egg diapause, either directly, through increased larval mortality at high temperatures, or indirectly, through reduction of adult fecundity below some critical threshold. It is interesting that many of the larger species in White Clay Creek either over-summer in an egg diapause or require a long (>60 days) period of time for embryonic development.
The pattern of decreased adult size with increased stream temperatures for species with multiple cohorts has also been observed when two or more congeneric species are compared (Sweeney and Vannote 1978) . For example, the Epltemerella complex in fourth-order tributaries of White Clay Creek usually consists of five species with similar ecosystem function (i.e., consumers of fine particulate detritus and diatoms in riffle and run habitats). Maximum larval growth and resource use for each species occurs at a different time of year ( fig. 14) . The largest species, Ephemerella subvaria, begins larval development in July and completes growth and emerges from the stream as an adult in early ApriL Adult size of congeners decreases progressively from early spring to late summer as each succeeding species grows in a slightly warmer environment. In addition, the average size of emerging adults decreases within each species during the emergence period (e.g., see fig. 7 , Ephemerella subvaria). Thus, the last individuals of a species emerge just before, but at a similar size to, the first individuals to emerge of the next species in the series. As shown previously, midwinter exposure of Ephemerella subvaria larvae to late spring temperatures results in premature emergence at a size approaching Epltemerella dorothea (table 2). Egg production of small Ephemerella subvaria, however, is well below that of Ephemerella dorothea because egg dimensions remain relatively unchanged within a species despite large variation in overall body size. 
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Several other examples of resource partitioning among closely related species have been observed in White Clay Creek (Vannote 1973) . In each case, seasonal temperature patterns appear to be the critical factor maintaining the temporal segregation. Temperature patterns seem to influence both the stability and number of species in a given complex.
The above data suggest that an "optimum thermal regime" probably exists within the geographic range of a species population where both body size and fecundity are maximized. The concept of an optimum thermal regime implies, however, that both higher and lower temperatures reduce fucundity. Experimental results for the mayfly Centroptilum rufostrigatum McDunnough support this concept because adult body size is reduced when larvae are reared at both high and low temperatures when food quality and quantity were kept at high levels (fig. 
FIG. 14.-Population growth curves for Ephemerelia species in a third order tributary of
While Clay Creek. Each data point is the mean dry weight of Larvae for a specific sample data (sampLe size "" 100) .
• '" E. sub varia; /::,. = E. deficiens;'" = E. verisimilis; 0 = E. dorothea; a = E. urraltl.
15). (Fine particulate detritus was added to experimental trays at weekly intervals.
Algae collected from White Clay Creek was added at the beginning of the experiments and in situ production of diatoms remained between 0.05 and 0.10 JLg/cm 2 day for the rest of the experiment [see Sweeney 1976b] . ) Decreased adult size and fecundity has also been observed for other "summeractive" species reared at cold temperatures (table 3) as well as "winter-active" species reared at warm temperatures (table 4) . These studies also show that maximum adult size is usually not associated with maximum larval growth rate. For all species that we have studied, temperature above and below the optimum (i.e., thermal regime that maximizes individual body size and fecundity) appear to suppress larval tissue growth more than adult tissue development, and this leads to the production of small adults. Maximum adult size occurs at intermediate rearing temperatures which apparently optimize the relationship between larval and adult tissue growth.
GEOGRAPHIC DISPERSAL AND THERMAL VARIATION
Because temperature varies both within and between river systems (e.g., fig. 2 and 4, respectively), macrogeographic extension of a species range may require movement of subpopulations into higher or lower order tributaries. For example, southern dispersal of a boreal species might involve movement into cool, low order tributaries (headwater compression) or into streams at increased altitudes. These movements could provide a partial compensatory mechanism for range extension along a latitudinal thermal gradient. Spatial shifts would be needed because insects do not acclimate generally (see Keister and Buck 1974 for review) and fecundity must be kept reasonably high for successful invasion into established and highly structured communities while dispersing geographically.
The energetics and developmental dynamics of dispersing within a stream system (Le., upstream or downstream) or between stream systems (i.e., northern and southern dispersal) by a midlatitude insect species is described in fig. 16 . To simplify this conceptual model, we assume (perhaps unrealistically) that during dispersal between streams, the position (i.e., stream order) of the subpopulation NOTE.-Maximum and minimum temperatures (" C) represent an average of the three highest and three lowest temperatures, respectively, taken from thermograph records of each experiment. Mean temperatures were calculated from houdy readings taken from continuous temperature recordings. Missing data indicate thermal regimes under which larvae did not successfully metamorphose. Initial larval weights (Wj) are for a representative subsample of larvae (male and female) plru:ed in each treatment; final weights (W f) are for adult females only. AU weights are in mg. The no. of days indicates the amount of time between starting the experiment and the appearance of the first adult female. Instantaneous growth rate (OR) was calculated as rug mg-1 day-l using the equation GR = (In W f -In WI) .,. no. days. The no. of eggs per average-sized female was estimated by the following regression equations describing fecundity (F) as a function of female dry weight (DW) for each mayfly species:
Centrop/ilumru!ostrigatum, F = 165.0DW + 139.6,N = 24,r 2 = .70;T. a/Talus, F = 17t.7DW + 89.3, N = 40, r' = .59; I. bieolor, F = 112. , N = 45, r~ = .84. Fecundity forCaenis simuians ranged between 95 and 240 eggs per female, but we could not develop an accurate fecundity-dry weight reladonship because of the small size of the species. Egg counts on S. al/erna/a were not possible because adult females feed extensively prior to oogenesis. NOTE.-WCC '" ambient water temperature of White Clay Creek; WCC + 2' C '" about 2" C warmer than White Clay Creek while following both die] and seasonal changes in temperature; WCC + SO C '" about 5' C warmer than White Clay Creek; and constant 15 ::t I" C. Data on temperature (Max, Mean, Min), initial weight (Wi), final weight (W f ), no. of days, and growth rate (GR) were estimated as described for table 3. The no. of eggs per average-size female was estimated by the following regression equations describing fecundity ( 
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FIG.
16.-Conceptual model describing shifts in developmental rates and energy use by an aquatic insect reared in optimum and nonoptimum thermal regimes. The area of each block depicts the relative amount of aBsimiialed energy (AE) partitioned into growth (G) or lost through respiration (R) during the course of larval development. Blackened growth areas represent adult tissue (AT) maturation; generation time is defined as length of the larval growth period. Adult size (area NRT + E) equals the amount of energy accumulated during larval growth (area G + AT). Partitioning of adults into nonreproductive (issue (NRT) and eggs (E) was based on experimental studies of several insect species from the White Clay Creek.
within the drainage network remains constant. The model shows that movement from optimum thermal conditions into warmer (i.e., higher order or more southern) streams may result in (i) increased rate of energy assimilation per individual, (U) relatively less energy available for growth due to a disproportional increase in maintenance metabolism, (iii) adult tissue maturation (shaded area) beginning earlier in development and proceeding rapidly, thus reducing the time available for larval growth, and (iv) decreased adult body size and egg production due to the short growth period and high maintenance requirements.
Conversely, dispersal from the optimum conditions into colder streams (lower order or more northern) may be accompanied by (i) reduced assimilation rates per individual but similar allocation of energy between growth and metabolism, (ii) adult tissue maturation proceeding slowly, thus increasing the duration of the larval stage, (iii) reduced size due to low temperatures differentially suppressing the developmental rates of adult and larval tissue (Le., slightly favoring adult tissue maturation), and (iv) reduced fecundity because of reduced size and incomplete conversion of stored materials into eggs at low temperatures. This conceptual model assumes that a constant total amount of energy is assimilated by an individual during its larval growth regardless of geographic location, with changes occurring only in process rates and energy partitioning. This assumption is based on larval energy budgets calculated for several insect species from White Clay Creek that were reared in a wide range of temperature regimes and where food quality and quantity were not limiting (Sweeney 1976b (Sweeney , 1978  Sweeney and Schnack 1977; R.L. Vannote, unpublished data) .
Using the above models, figure 17 describes the theoretical response of lifehistory parameters for Ephemerella dorothea with (i) movement upstream and downstream from midorder tributaries of White Clay Creek (stream order change), or (ii) northern and southern dispersal to distant drainage systems (latitudinal change). White Clay Creek is about midway between the known northern and southern distributional limits for Ephemerella dorothea (Allen and Edmunds 1965) . Note that maximum adult size is not correlated with larval growth rate. This is one important aspect of our model that differs from existing ecological models for metamorphosis of other aquatic organisms (see Wilbur and Collins 1973) . To our knowledge, data concerning generation time and adult size and fecundity of Ephemerella dorothea are not available for subpopulations outside White Clay Creek.
Limited observations on a closely related species, Ephemerelfa sIJbvoria, are consistent with the above hypothesis ( fig. 18 ). These data show increased generation time and decreased adult size in northern populations. Experimental thermal regimes similar to streams beyond the known southern distributional limit yield a short generation time, small adults, and low egg production. Thus, the headwater extremities of first-order streams at 34 Q N probably represent the absolute limit to the potential southern distribution of this species.
Morphometric and geographic observations for the mayfly genus Centroptilum are also consistent with our hypothesis. Distributional records in Edmunds et al. (1976) show only four of 16 eastern North American species with ranges extending into the southeast United States. Our data for Cencroptilum rujostrigatum suggest that the White Clay Creek population is at or near the southern limit of its range, since individual weights of adult males and females more than doubled when larvae were reared in cooler thermal regimes ( fig. 15) . Edmunds et at. (1976) report this species as occuning only in eastern Canada. Range extension into the northeast United States is apparently restricted to cool low-order tributaries.
Two of the four southern species of Centroptilum have been found only in mountain areas of North Carolina and Alabama. Traver (1932) described one species as being "smaller than any species recorded from the United States or Canada" and doubtfully referred to the specimen as "C. album McD.?" Berner (1950) described two small species in northern Florida and noted that nymphs occur mainly in streams that are "spring fed" or the "main spring runs." We suggest that southern populations of Centroptilum are compressed into high altitude or low-order streams where annual thermal regimes enable adult body size and fecundity to exceed some lower threshold for continuous recruitment. Recent studies on marine invertebrates (Foraminifera) also suggest that intraspecific variation in sizes may be a phenotypic response to thermal differences occurring throughout the geographic range of many species (Hecht 1976) . These data also show that both size and relative abundance ofa species generally reach a maximum in the same geographic location (and hence thermal regime). This geographic location is considered "optimal" because the relative abundance of the species is maximized. We have hypothesized for aquatic insect species that maximum size and relative abundance should be correlated, but our definition of "optimal thermal regime" is independent of this hypothesis. Although bioenergetic and developmental data (as used in our model) are not available for Foraminifera, we suggest that the patterns of size variation and geographic distribution observed for these invertebrates tend to support our observations concerning aquatic insects.
THERMAL ASPECTS OF INSECT COMMUNITY DEVELOPMENT
Climatic instability and geographic isolation have been implicated as being important components in the speciation of aquatic insects and the development of order and structure in river communities (Ross 1972) . Thermal variation associ-,,. FlO. 18_-Seasonal growth curves and adult body size of female Ephemerella sl.Ibvaria at different points in its geographical distribution. Stippled area represents the known geographic distribution for the species (Allen and Edmunds 1965). Wet weight data from Waters and Crawford (1973) were converted to dry weight by mUltiplying by a correction factor (.206) derived experimentally. ated with glacial and interglacial periods was apparently a critical fador in the evolution of large complexes of "sister" species for many North American aquatic genera (Ross and Ricker 1971) . Insect fauna of contemporary river communities often contain one or more sets of closely related species within each functional group (e.g., fig. 13 and 19 for White Clay Creek). Functional group refers to a group of species that occupy a similar trophic position in a given habitat and obtain food material in a similar fashion; e.g., "grazer" of benthic periphyton, "shredder" of coarse particulate organic material, "filter feeders" on suspended organic matter, etc. For each species complex, temperature appears to be the critical factor keeping individual subpopulations synchronized and reducing competition by temporal segregation within a given habitat (Vannote 1978) .
We view community development as a long-term assembly of numerous species into discrete functional groups. This may lead to efficient annual use of stream resources through spatial, temporal, and trophic specialization. The developmental process entails a highly structured interaction at the following levels of community organization (i) within populations of competing species, (ii) among competing species within functional groups, (iii) between entire functional groups, and (iv) predator-prey associations. These interactions exert an effect (positive or negative) on the entire community as well as "looping back" to influence the interacting species themselves (Wilson 1976; Levins 1976) . For example, aquatic insects that collect fine particulate organic material (i.e., "collectors") are affected positively by the efficiency of species that produce fine particles from coarse particles of organic material (e.g., leaf litter and wood).
Data for White Clay Creek suggest that the development of aquatic insect communities has involved a trade-off between maximum efficiency of resource use and continuous exploitation of available resources (Vannote 1978) . A complex of closely related species within a functional group appears to reduce negative feedback at the community level (e.g., minimize competition) while increasing the efficiency of community function. It is difficult to test whether an existing "species complex" represents a high degree of community development or is merely a random gathering from a large pool of closely related and regionally available species. The Ephemerella series ( fig. 13 ) in White Clay Creek support the former explanation. Maximum instantaneous growth rates are equivalent for each species despite large differences in the seasonality of population growth. The overlap of maximum production, resource exploitation, and adult emergence by each Ephemerella species appears too small for a random event. This is particularly evident since almost 25 species of Ephemerella occur near White Clay Creek (table 5) . In fact, almost every state in the Atlantic drainage contains about 25 species of Ephemerella, but any given stream reach rarely contains more than five. Temperature must be considered a key factor affecting the number and kinds of Ephemerella species occurring in a specific stream, especially since our data show most species in the complex to be highly temperature dependent.
We view the Ephemerella complex in White Clay Creek as a "point observation" of a much longer developmental process involving population replacement within the community (Le., evolution at the community level). Addition and extinction of species from a complex may be a response to the following relationships (i) productivity and/or variety of available resources, (ii) accommodation of species through greater resource overlap or specialization to narrow resource segments, and (iii) overall efficiency of the complex in the controlled use of available resources.
Insect communities in streams have developed within the constraints of the physical system. Temperature assumes a major role in synchronizing local subpopulations (e.g., Ephemerella species in White Clay Creek) to narrow portions of the resource spectrum (Vannote 1978) . This probably reflects paleoclimatic variation during speciation which produced populations having different thermal optima. Annual thermal variation of contemporary streams tends to distribute these optima over the year such that activity periods of closely related species are sequenced temporally. Diel temperature change appears to increase the potential number of species exposed to an optimum temperature during part of each day (Sweeney (978) . The annual and diel predictability of thermal variation is consistent with the development of a diverse but highly structured insect community.
CONCLUSIONS
The case supporting a thermal equilibrium hypothesis for size vanatIon in aquatic insects is compelling. A large body of experimental evidence suggests a rapid bioenergetic and developmental response to temperature. The thermal equilibrium model presented here was developed mainly from bioenergetic and developmental studies of insects in White Clay Creek under a broad array of natural and experimental thermal regimes. Although the data base is highly sitespecific, the generality of our thermal equilibrium model may not be limited since numerous taxa, differing functionally, morphologically, and developmentally, were used for its development.
It is unlikely that temperature is the only factor affecting size variation and the geographic distribution of aquatic insects. It is even more unlikely that temperature should be judged as a factor of only marginal importance. The significance of 692 THE AMERICAN NATURALIST -------crenul. Subgenu< _ Attsnuatet!a .tlenuata ",aroa "'.
SO" Q'
Me '" QO temperature to aquatic insect life history is indisputable. Temperature assumes a controlling or at least a modifying role in most aspects of insect development. We view local and geographic thermal variation of rivers as a primary force controlling the composition, development, and function of aquatic insect communities. At the population level, thermal patterns may place absolute limits (e.g., high mortality, zero fecundity, etc.) or playa qualifying role (e.g., reduced compet-itiveness at low population densities, increased susceptibility to predators due to longer larval period, etc.) on a species distribution. At the community level, temperature affects process and production rates and divides the year into seasonal periods for activity by particular species or groups of species. The predictability of stream temperature patterns (diel, seasonal, and annual) are conducive to the development of communities that are both functionally predictable and highly structured.
SUMMARY
Adult body size and fecundity of several species of hemimetabolous aquatic insects were shown to depend largely on thermal conditions during larval growth. We suggest that an "optimum" thermal regime exists where adult size and fecundity are maximized; temperature regimes warmer or cooler than the "optimum" result in small and less fecund adults. Two hypotheses concerning river water temperatures and size variation of adult insects are described. First, maximum adult size reflects an equilibrium between several developmental processes that appear highly temperature dependent, viz., (i) the rate and duration of larval growth, and (U) the specific time in larval development that adult structures begin maturing and the rate of this maturation process. Second, a species distribution both locally within drainage systems and over a large geographic area is limited, in part, by lowered fecundity as adult size gradually diminishes in streams of increasingly cold or warm temperature cycles. The importance of river water temperatures to insect community development is discussed.
